Precursor mRNA (pre-mRNA) splicing is a critical step in gene expression that results in the removal of intronic sequences from immature mRNA, leading to the production of mature mRNA that can be translated into protein. Alternative pre-mRNA splicing is the process whereby alternative exons and/or introns are selectively included or excluded, generating mature mRNAs that encode proteins that may differ in function. The resulting alterations in the pattern of protein isoform expression can result in changes in protein-protein interaction, subcellular localization, and flux through metabolic pathways. Although basic mechanisms of pre-mRNA splicing of introns and exons are reasonably well characterized, how these mechanisms are regulated remains poorly understood. The goal of this review is to highlight selected recent advances in our understanding of the regulation of pre-mRNA splicing by nutrients and modulation of nutrient metabolism that result from changes in pre-mRNA splicing. J Nutr
Introduction
Classically, nutrients have been defined as the dietary components needed for survival and growth of organisms. Macronutrients are metabolized to provide energy and the precursors for the synthesis of more complex molecules (e.g., amino acids are used in protein synthesis), whereas micronutrients provide essential cofactors involved in various enzymatic reactions. More recent studies have shown that, in addition to these classic functions, nutrients play important roles in regulating gene expression. In mammals, gene expression involves a number of steps starting with the transcription of a gene into precursor mRNA (pre-mRNA) 6 , which is usually processed into a mature mRNA molecule that is exported from the nucleus for translation by cytoplasmic ribosomes. Many studies have focused on the regulation of the first and last steps in gene expression, i.e., DNA transcription and mRNA translation. However, both macro-and micronutrients are important regulators of mRNA splicing, a critical step in the conversion of pre-mRNA into mature mRNA. In addition, recent studies highlight the importance of nutrients in modulating alternative splicing of premRNA, a process that is important to the production of proteins with diverse functions and/or subcellular localization by generating multiple mature mRNAs from single genes. These splicing events can be regulated in various tissues by signaling pathways activated by nutrients and/or their metabolites or by hormones secreted in response to dietary nutrients ( Figure 1 ). The goal of this review article is to highlight the role of both macro-and micronutrients in regulating pre-mRNA splicing and the control of nutrient metabolism through alterations in the splicing of the pre-mRNA encoding enzymes involved in various metabolic pathways. In both cases, the focus is on recent studies that serve as examples of this type of regulation. Unfortunately, page limits prevent us from citing many important works, and we apologize in advance to the authors of those studies not referenced herein.
Pre-mRNA Splicing
The vast majority of mammalian pre-mRNAs contain introns that are removed by 2 trans-esterification reactions catalyzed by the spliceosome and associated auxiliary proteins that result in the removal of an intron and the joining of the 2 exons that border the intron (1) (Figure 2 ). The core of the spliceosome is composed of a complex of 5 small nuclear ribonucleoprotein particles (snRNPs) that are recruited to the pre-mRNA in a sequence-dependent manner. The splicing process is under robust regulation to ensure temporal and cell-and tissuespecific expression of splice variants. Part of this regulation is due to the utilization of distinct snRNPs and auxiliary proteins for different types of splicing events. At least 45 snRNPs have been identified as components of the spliceosome and >170 auxiliary proteins are known to regulate the process. Splicing is dynamic and remodeling of RNA-protein and protein-protein interactions mediates progression of the machinery along the pre-mRNA. The pre-mRNA includes 4 important regions that serve as sites for recognition by the spliceosome (1). The 3#-and 5#-splice sites are located at exon-intron junctions and are defined by consensus sequences consisting minimally of the dinucleotides GU at the 5#-end of the intron and AG at the 3#-end. In addition, introns can contain branch sites and/or polypyrimidine tracts that are critical in defining the location of the splice site. These sites recruit specific proteins of the spliceosome by base pairing with the snRNPs. Splice site recognition is further mediated by cis-and trans-regulatory elements (Figure 2 ). The cis-regulatory elements are present within the pre-mRNA in regions proximal to the splice site and include intronic or exonic sequences that recruit auxiliary proteins (i.e., trans factors) that regulate spliceosomal assembly. Trans factors are broadly classified as splicing enhancers, e.g., serine/arginine-rich proteins (SR proteins), that facilitate splice site recognition by the spliceosome, or splicing repressors, e.g., heterogeneous nuclear ribonucleoproteins (hnRNPs) that inhibit splice site recognition (2) . The efficiency of the splicing process depends on the competitive and mutually exclusive binding of the splicing factors to the cis elements. However, some splicing factors, such as hnRNP L and hnRNP H, can act as both enhancers and repressors depending on the type of cis element to which they are bound or the location of the cis element in the pre-mRNA. Importantly, the binding of trans factors to the cis elements can be modulated in response to environmental cues (e.g., hormones and nutrients) through phosphorylation of trans factors such as the SR proteins (2, 3) .
The process of alternative pre-mRNA splicing is similar to constitutive splicing. Indeed, many of the proteins involved in the former also mediate constitutive splicing reactions (2) . However, alternative pre-mRNA splicing differs from constitutive splicing in that the former can lead to intron retention, exon skipping, mutually exclusive exon inclusion/exclusion, and alternative 5#-or 3#-splice site usage. Whether constitutive or alternative splicing occurs depends on both how well the sequences in the regulatory elements described above correspond to the ideal, and the binding of trans factors to cis regulatory domains. Thus, it has been proposed that constitutive splicing takes place at strong splice sites that closely match the consensus, whereas alternative splicing occurs at weak splice sites in which the sequence elements diverge from the consensus and are recognized less efficiently by the spliceosome (4). Moreover, alternative splicing at a particular site depends upon the abundance and activity of trans factors, such as the SR proteins and hnRNPs. Recent estimates suggest that 95% or more of human pre-mRNAs are subject to alternative splicing (4), whereas in other organisms this number is much lower (e.g., ;40% in Drosophila). The number of mature mRNAs that can be generated from a single pre-mRNA varies widely, with some pre-mRNAs predicted to generate as many as several thousand mature mRNAs. However, the abundance of some alternatively spliced mature mRNAs is low (i.e., <1% of the total) and the number of functionally distinct proteins produced by alternative pre-mRNA splicing is undoubtedly much smaller than the number of possible alternative splicing events predicted solely by splice-site identification.
In addition to the role they play in pre-mRNA splicing, a number of splice factors have additional roles in controlling post-transcriptional gene expression, including nuclear export of mRNA, initiation of mRNA translation, and mRNA degradation (5). For example, the SR protein splice factor 2/alternative splice factor 1 (SF2/ASF) promotes phosphorylation of the eukaryotic initiation factor 4E binding protein 1, thereby upregulating cap-dependent translation of specific mRNAs (6) . Moreover, some splice factors have additional roles outside of mRNA processing and translation. A particularly interesting example of such a role is the recent identification of hnRNP E1 as a possible sensor of folate deficiency (7).
Regulation of Pre-mRNA Splicing by Macronutrients
Carbohydrates. Carbohydrate ingestion leads to the secretion of a variety of hormones, including the incretins (e.g., glucosedependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1), insulin, and glucagon, which act to promote the uptake and storage of carbohydrates as glycogen as well as the modulation of carbohydrate metabolism (8) . The pre-mRNAs for a number of proteins involved in carbohydrate metabolism [e.g., glucose-6-phosphate dehydrogenase (G6PD) (9) and fructose-6-phosphate 2-kinase (10)], as well as those encoding monosaccharide transporters [e.g., glucose transporters (11)], are alternatively spliced. The following genes represent a few examples of pre-mRNA splicing that occur in direct response to changes in dietary carbohydrates or to hormones secreted as a result of carbohydrate consumption.
The regulation of G6PD activity by carbohydrates is a classic example of nutrient-mediated constitutive exon splicing and intron retention (9) . G6PD catalyzes the first and rate-limiting step in the oxidative branch of the pentose phosphate pathway that leads to the production of NAD(P)H, which can be utilized for FA biosynthesis in the liver and adipose tissue. Starvation and refeeding studies highlight the role of post-transcriptional, rather than transcriptional mechanisms in regulating G6PD activity. Thus, G6PD activity is repressed in the fasted state as a result of decreased splicing of the G6PD transcript, without a change in the rate of transcription. Upon refeeding a high carbohydrate diet, an increase in the splicing of the G6PD premRNA leads to an increased abundance of the fully spliced mRNA and enhanced production of the active protein. An analysis of the G6PD transcript revealed the presence of a cisacting element in exon 12 that can function as an exon splicing silencer and enhancer. The efficiency of splicing depends on the mutually exclusive binding of trans-acting factors to the cis elements (12) . For example, starvation leads to increased hnRNP K expression and increased binding of the protein to exon 12 of the G6PD pre-mRNA, thereby leading to inhibition of the splicing of nearby introns (13) . In contrast, refeeding causes increased expression and phosphorylation of SR proteins such as serine/arginine-rich splice factor (SRSF) 3 that recruit the spliceosome to the G6PD transcript and result in increased There are 2 types of splicing processes. Alternative splicing leads to different types of splice variants, depending on which exons are included or excluded. In the example depicted here, Ex. 2 can be alternatively spliced and the outcome of splicing events is regulated by both cis elements (denoted by black boxes) and trans factors. (a) Nutrients and/or their metabolites can mediate increased expression of hnRNPs that bind ESSs in Ex. 2 and inhibit the assembly of splicing machinery at the intron-exon junction. As a result, Ex. 2 is excluded from the mature mRNA and splice variant 1 is formed. (b) Alternatively, nutrients can also mediate increased expression and phosphorylation of SR proteins that bind to ESEs within an exon to promote its inclusion. The mature mRNA-produced splice variant 2 includes all 3 exons. Constitutive splicing mediates the removal of introns and inclusion of all exons in the mature mRNA that can be translated into a functional protein. Defective regulation of this process results in intron retention and the unspliced transcript cannot be translated into protein and is degraded. ISEs and ISSs function similarly to exonic elements. ESE, exonic splicing enhancer; ESS, exonic splicing silencer; Ex., exon; FADS, fatty acid desaturase; G6PD, glucose-6-phosphate dehydrogenase; hnRNP, heterogeneous nuclear ribonucleoprotein; ISE, intronic splicing enhancer; ISS, intronic splicing silencer; P, phosphate; pre-mRNA, precursor mRNA; SR protein, serine/arginine-rich protein.
Nutrients and pre-mRNA splicing 3 of 6 by guest on October 15, 2017 jn.nutrition.org splicing (9, 14) . The effect of dietary carbohydrates on G6PD pre-mRNA splicing is primarily mediated by insulin that is released in response to the increased circulating glucose concentrations (9) . Protein kinases downstream of insulin, e.g., Akt, phosphorylate and activate SR proteins and thereby promote increased G6PD pre-mRNA splicing (3). In addition, intermediates of carbohydrate metabolism, such as glucose and fructose and other hormones like glucocorticoids, have been predicted to influence G6PD pre-mRNA splicing (9) .
X-box binding protein 1 (XBP1) is a transcription factor that plays an important role in activating the unfolded protein response (UPR) pathway to protect cells after the induction of endoplasmic reticulum (ER) stress (15) . The XBP1 pre-mRNA has 2 overlapping open reading frames (ORFs), ORF1 and ORF2. In response to ER stress that occurs after consumption of a high carbohydrate diet (16) or the incubation of cells in culture under hyperglycemic conditions (17) , an endoribonuclease, inositolrequiring, ER-to-nucleus signaling protein 1a (IRE1a) is activated and removes 26 nucleotides from ORF1 of the XBP1 pre-mRNA. This event results in a frame shift in the processed mRNA that replaces a portion of the C-terminus of ORF1 with ORF2, resulting in a spliced mRNA that encodes the active transcription factor (15) . The resulting increase in active XBP1 abundance leads to the enhanced transcription of genes involved in FA synthesis (18) . Together, the altered splicing of the G6PD and XBP1 premRNAs are important facets in the carbohydrate-induced upregulation of FA synthesis.
FAs. In addition to being regulated by carbohydrates, splicing of the pre-mRNAs encoding G6PD and XBP1 is also modulated by FAs. For example, in primary cultures of rat hepatocytes, incubation with the PUFA arachidonic acid (20:4n-6) leads to decreased phosphorylation of SR proteins, resulting in decreased binding of SRSF3 to the cis-acting element in exon 12 of the G6PD pre-mRNA and decreased splicing efficiency (14) . The effect of dietary PUFAs on G6PD pre-mRNA splicing can also be mediated by an inhibition of insulin signaling in the liver (19) . Also, similar to carbohydrates, dietary SFAs induce ER stress in several tissues, including liver (20) and pancreas (21) , leading to increased splicing of the XBP1 pre-mRNA by IRE1a and subsequently to increased transcription of genes involved in the UPR pathway (18) .
Long-chain PUFAs (LCPUFAs) can be synthesized by fatty acid desaturases (FADSs), including FADS1, FADS2, and FADS3, in the liver. The genes encoding these enzymes have been linked to hyperlipidemia (22) , as well as cardiovascular and neuronal diseases (23) . Increased dietary consumption of LCPUFAs leads to decreased activity of FADS1 and FADS2 because of a change in the pattern of alternative splicing of these genes, thereby decreasing biosynthesis of LCPUFAs (22) . Wijendran et al. (24) observed that consumption of a diet high in LCPUFAs results in decreased expression of the FADS2 AT1 transcript in the liver of suckling piglets because of the binding of hnRNP I to the exon splicing silencer in the FADS2 premRNA. Altered FADS expression leads to an imbalance in the ratio of intracellular PUFAs and intermediate metabolites involved in inflammatory pathways (25) .
FAs also regulate splicing of the pre-mRNA encoding the GIP receptor (GIPR). GIP is an incretin secreted by intestinal cells in response to dietary glucose that has distinctive effects on pancreatic b cells (26) and adipocytes (27) . In pancreatic b cells, a splice variant of GIPR that retains intron 8 has been identified (26) . This splice variant encodes an inactive form of GIPR with a truncated C-terminal domain. In response to a high fat diet, there is a change in the pattern of GIPR pre-mRNA splicing, resulting in a decrease in the ratio of inactive to active isoform expression. As a result, there is an increase in the sensitivity of b cells to GIP, leading to high fat diet-induced hyperinsulinemia. GIP also has been shown to promote inflammation and insulin resistance in the adipose tissues of obese individuals (27) . Exon (Ex) 9 of the GIPR pre-mRNA encodes the transmembrane domain and decreased expression of the exon 9-containing splice variant (Ex9 + GIPR) results in decreased GIPR function in adipose tissue. Ahlqvist et al. (27) reported that decreased Ex9
+ GIPR expression has a protective effect and corresponds to lower BMI and improved insulin sensitivity in obese individuals.
Protein. Reduced dietary availability of one or more essential amino acids leads to induction of the amino acid response (AAR) that promotes activation of several signaling pathways controlling transcription, processing, and turnover of mRNA (28) . Expression of several genes in the AAR, e.g., Asn synthetase, is regulated by activating transcription factor 3 (ATF3), and different splice variants of ATF3 have been identified in cells in culture deprived of histidine, serum, or glucose (29) . For example, Pan et al. (30) observed that there was a change in the ratio of ATF3 mRNA splice form expression in response to histidine deprivation in HepG2 cells. The full length ATF3 isoform forms complexes with corepressors and inhibits AAR gene expression. The other ATF3 splice variants encode truncated isoforms that lack the DNA binding domain for AAR genes. These truncated isoforms sequester the corepressors associated with ATF3 and thereby mediate activation of AAR gene transcription. Unfortunately, the mechanisms involved in amino acid-induced regulation of ATF3 pre-mRNA splicing have not yet been elucidated.
Regulation of Pre-mRNA Splicing by Micronutrients
Vitamins. Vitamins are obtained in trace quantities from the diet and metabolized into their active forms that can bind to vitamin response receptors and activate downstream signaling pathways. The direct effects of vitamins on pre-mRNA splicing are mediated by the active metabolites and the indirect effects are mediated by oxidative stress in response to vitamin deficiency. Most vitamins, including the vitamin B complex and vitamin C, regulate the alternative splicing of their own transporters and vitamin binding proteins. For example, 3 splice variants of Met synthase (vitamin B-12 dependent) have been identified in the human cerebral cortex (31) . Vitamins also can regulate expression of splicing factors. For example, a vitamin E-deficient diet has been shown to decrease the expression of splicing factors such as splicing component 35kDa (SC35) in the liver (32) .
Vitamin A plays an important role in differentiation of neuronal cells and is involved in both prosurvival (33) and apoptotic (34) pathways. Retinoic acid (RA) is the biologically active metabolite of vitamin A that acts through the retinoic acid receptor (RAR) to regulate the expression of genes containing the retinoic acid response element (RARE) (33) . Laserna et al. (35) observed that RA-induced differentiation of neurons resulted in phosphorylation of several trans-acting splicing factors such as the SR proteins via the phosphatidyl-inositol-3-kinase signaling pathway, leading to their activation and increased splicing efficiency. Consequently, RA alters the pattern of pre-mRNA splicing in neuronal cells. For example, RA treatment leads to increased expression of the protein kinase C (PKC) d-VIII isoform because of the utilization of an alternative 5#-splice site located downstream of exon 10 (33). The SR protein SC35 binds to the cis-acting element in the PKC d premRNA to mediate this splicing event. In addition, the PKC d-II isoform that has antiapoptotic functions is also regulated during neuronal differentiation (34) . Recent studies (36) have established the role of apoptotic chromatin condensation inducer in the nucleus (Acinus) in regulating RA-induced splicing. Acinus has been shown to bind to the spliceosome and the exon junction complex. The C-terminal region has an RNA recognition motif, similar to SR proteins. Acinus targets RARE-containing premRNAs by interacting with the RAR. The RNA recognition motif domain of Acinus can bind to splicing enhancers in the alternative 5#-splice site, followed by recruitment of the spliceosomal machinery and other SR splicing factors to the pre-mRNA.
Vitamin D is another important modulator of pre-mRNA splicing (37) . (38) showed that the VDR coregulator nuclear receptor coactivator/ ski-interacting protein (NCoA/SKIP) is a component of the spliceosomal complex and its recruitment to VDR is essential for vitamin D-dependent splicing events. In addition to its role in cancer cells, 1,25(OH) 2 D also mediates the increased expression of the short splice variant of the plasma membrane calcium pump (PMCA) 1 in osteoblasts (39) .
Minerals. Many of the mineral ion transporters have splice variants with distinctive functions. For example, 3 splice variants of the sodium/potassium/chloride cotransporter (NKCC2) have been identified, and a low-salt diet increases the expression of the high affinity isoform NKCC2B in the renal cortex (40) . Other examples include salt-sensitive hypertension-induced changes in the alternative splicing pattern of the pre-mRNA for the epithelial sodium channel (41), dietary iodide-induced alterations in the expression of different splice variants of the intestinal sodium/ iodide symporter that result in increased absorption activity (42) , and zinc-induced alterations in phosphorylation of the SR protein SRSF6 that lead to changes in splicing of the Bcl-2-interacting mediator of cell death (Bim) pre-mRNA and modulation of apoptosis in neuroblastoma cells (43) .
Conclusion
The above examples demonstrate that nutrients can both directly and indirectly affect gene expression through the modulation of alternative splicing of pre-mRNAs. Such events have the potential to alter not only the processes involved in nutrient metabolism, but other events required for cell homeostasis. Because the area is still relatively unexplored, the available information likely represents the tip of the iceberg in regard to nutrient control of gene expression. However, given that pre-mRNAs encoding key regulatory proteins (e.g., the insulin receptor, leptin receptor, etc.) associated with diseases such as obesity undergo important splicing events, and the fairly limited splicing machinery proteins involved, in-depth studies of the effects of nutrients on the regulation of constitutive and alternative splicing processes likely will be a fertile endeavor, and could lead to the identification of potential targets for therapeutic intervention.
